I. Introduction
Much effort by many people has been devoted to the study and investigation of propagation of electromagnetic energy through various waveguides and cavities and through structures comprising multiple sections of guides and cavities. In particular, coaxial and circular-cylindrical waveguides and their characteristics have long been of interest to many in the electromagnetics community. Simple cavity junctions and the cascading of multiple coaxial and circular-cylindrical cavities or regions have been investigated. The complex cavity that we investigate contains overlapping coaxial regions giving rise to a plane possessing two apertures.
The goal of the work reported here is to understand the effect of a transmission path through such a system of cavities on a transient signal. We seek to develop a general purpose tool that allows us to analyze these path influences and effects. Ultimately, we wish to characterize these effects so that transmission of transient signals through a complex structure can be better understood. Knowledge of the properties of a signal deep inside a complex system is important to those who must determine the effects that such a signal, possibly hostile, might have on a sensitive electronic device and its reliable operation. In this paper, previous ideas and methods are extended to solve the problem of transmission through a complex structure that contains multiple overlapping cavities. A simple methodology is presented that allows one to solve for the field in a complex cavity. This methodology is verified by comparing measurements made on laboratory models to results obtained from calculations.
Much of the earliest work in waveguides is compiled by Marcuvitz [1965] . During World War II, Schwinger played a leading role in the general theory of microwave structures and in the development of methods to solve a variety of microwave problems. J. F. Carlson, A. E.
Heins, H. A. Levine, P. M. Marcus, and D. S. Saxon also made major contributions to the development of the theory. Lewin [1975] describes much of the early analytical work on the singular integral equation method, including that of Schwinger and Saxon [1968] and Lewin. Whinnery and Jamieson [1944] and Whinnery, Jamieson, and Robbins [1944] calculate the capacitance of the discontinuities. These same methods, originally proposed by W. C. Hahn, are advanced by Somlo [1957 Somlo [ , 1967 and Woods [1972] , and E. W. Risely develops a numerical procedure to calculate the capacitance of a junction of a coaxial and circular waveguide [Risely 1969 [Risely , 1973 . Motz [1946] solves waveguide and cavity problems using finite-difference methods in 1946 as do Collins and Daly [1963] . In R. E. Collin's book [Collin, 1960] , one can find documentation of a number of techniques for addressing various waveguide discontinuity problems. In 1961, Lewin [1961] noticed that previous solutions to waveguide problems were merely special cases of a singular integral equation solution where the unknown is the field in the aperture at the discontinuity, but his approach was based on quasi-statics. Davies and Muilwyk [1966] introduce a numerical solution method by means of which one can calculate the cutoff frequency, field distribution, and characteristic impedance of a waveguide with a cross section of any shape. Wexler's modal analysis method [Wexler, 1967] , which makes use of Davies's and Muilwyk's work [Davies and Muilwyk, 1966] , provides a way to estimate the aperture fields and scattered waves for a broader range of discontinuities than can be solved by the method of [Davies and Muilwyk, 1966] . In 1976, Harrington and Mautz [1976] present an analytical method that allows one to solve the problem of coupling between two cavities. They point out that the moment method admittance matrices associated with the regions joined by a common aperture can be filled independently. Wu and Chow [1973] also present a moment method solution to the problem of scattering at waveguide junctions. Using the scattering matrix method demonstrated by Wexler [1967] and Auda and Harrington [1983] , Neilson, Latham, Caplan, and Lawson [1989] develop a numerical method for computing the resonant frequencies of a cavity consisting of a series of cascaded waveguide sections. Furthering the work of Harrington and Mautz, Saed [1991] develops a method for analyzing a cylindrical cavity between to coaxial regions, and Sangster and McIntosh [1985] analyze a coaxial-to-cylindrical waveguide junction.
A coupled integral equation method is formulated by Amari, Bornemann, and Vahldieck [1996] for analyzing the scattering from coaxial and circular waveguide junctions. Young, Butler, and Harrison [Harrison and Butler, 1981; Young et al., 2002] introduce and refine a technique for solving a cavity problem consisting of multiple cascaded circular-cylindrical and coaxial regions.
The method presented here is an extension of their work.
In this paper, one finds an overview of a method for determining the field in a complex cavity comprising multiple cascaded and overlapping sections of coaxial and circular-cylindrical waveguides. The dimensions of these sections may vary both in the radial and axial directions.
A set of coupled integral equations is developed and solved numerically, and the numerical results from the integral equation solutions are compared with measurements performed on a laboratory model in the frequency and time domains. The calculated results compare favorably with the measured results. To further illustrate the accuracy and reliability of the method, current and charge were measured on the surface of the center conductor of a simplified cavity.
The measured data are compared to calculated values and are shown to be in good agreement.
There are many enclosure configurations whose transmission properties the authors would like to understand. One which exhibits a number of features of interest is selected in this investigation. In particular, for the sake of computational efficiency, a structure amenable to eigenfunction/eigenvalue analysis and all the computational advantages thereto associated is selected. The multi-section configuration of cascaded coaxial and circular cavities with various baffles simulates a moderately complex system of adjoining compartments with many of the properties encountered in a typical system. The circular cross-section allows one to take advantage of representations of field components of the sections in series of cylindrical harmonics and leaves one with only the need to solve coupled integral equations over unknowns on the common apertures at which the sections join. This greatly reduces the unknown count required for a solution from that needed if the analysis were exclusively numerical with all wall surface currents and aperture fields were represented in terms of linear combinations of basis functions as in a coupled surface integral equation method or with unknowns assigned to discreet points throughout the entire volume of the structure as in a differential equation based technique.
Moreover, knowledge of the properties of the eigenfunctions in field representations allows one to predict the expected behavior of the fields and wall currents, which is extremely helpful in interpretation of data in a complex analysis and in ascertaining the feasibility of results.
II. Theory
In Figure 1 , a section view of a cavity of interest is presented (illustrated with the solid line representing a bounded cylindrical shell). The cavity is partitioned into eight separate regions with each identified by ν Ω , , , ,..., a b c h ν = , and filled with material designated ( ,
The regions are bound by cylindrical and constant-z planar surfaces. The planar interfaces common to adjacent regions are identified as apertures with each bearing a label 1 cylindrical walls can be accounted for readily by the standard perturbation method [Collin, 1960] . The higher order modes in the first and last sections, only, are assumed to be 'cutoff' and therefore decay rapidly as a function of displacement from apertures, loads, and sources. This restriction, which guides the construction of the experimental cavities, enables one to specify the TEM excitation and to specify the interaction with commercial loads and instrumentation.
The field in each region satisfies Maxwell's Equations and is represented by an expression that characterizes the behavior of the fields contained in that region. The field expressions in a given region are functions of the aperture electric fields at the boundaries of the region. Continuity of tangential field components at each interface or aperture is enforced, which leads to a system of equations that is solved to determine the unknown coefficients of the field in each region. Expressions for fields in coaxial and circular cylindrical regions developed by Young, Butler, and Harrison [Harrison and Butler, 1981; Young et al., 2002] are used as a basis for the representation of the fields in the regions of the cavity in Figure 1 . 
whose solutions are ( )
Continuity of the φ -directed magnetic field across each aperture is enforced, which leads to a set of equations from which the unknown aperture fields can be found. A , respectively, are
and W ρ when the cavity is terminated in a load. These three equations are of the same form as those found in the work of [Young et al., 2002; J. Young, Clemson University, personal communication, 2002] for the first, an interior, and the last aperture.
The presence of the section of circular cylindrical guide in region d Ω alters the equation that arises from the continuity enforcement in aperture
is unlike those associated with interior apertures in the Young et al. formulation because they account only for coupling among three apertures. Also in contrast are the equations that result from enforcing tangential electric field continuity in apertures 
respectively.
Pulse expansion and point matching are used to discretize the set of integral equations
and to arrive at a corresponding matrix equation. The electric field in each aperture is expanded in pulses as 
the unknown coefficients i q E for the aperture electric field expansion can be found directly.
III. Time Domain Calculations
Time domain quantities are determined from those in the frequency domain by means of the FFT. The parameters for which the FFT and inverse FFT are performed must be chosen carefully to avoid aliasing. For the calculations performed, a cut-off frequency of 16 GHz was found to be adequate and the Nyquist sampling frequency of 1 2 c f is used with 8192 samples.
This choice is made to assure that the entire spectral content of the input signal is included in the analysis. The input voltage (
at DC is equal to the generator voltage due to the presence of the circular-cylindrical region. Thus, all of the time domain voltages at the feed eventually settle to the DC value of the input.
IV. Description of Apparatus' and Experiments
The objective of this paper is to arrive at a set of tools for assessing the influence of the transmission path on a transient signal as it makes its way through a complex structure. In order to assure the accuracy of the results obtained from the tools, measurements have been performed and the experimental data have been compared with computed data. The purpose of the experimental phase of the work is verification, not data acquisition to aid the study or understanding of a particular system. Cylindrical tubes with flanges have been constructed with sufficient versatility that they can be assembled in a variety of ways to form cavity structures of various configurations. The dimensions of the cavity sections are not representative of any particular practical system. They are chosen on the basis of construction feasibility and so that the resulting cavities exhibit interesting features at frequencies within the range of the laboratory instrumentation available to the authors. This is adequate for verification that, upon completion,
gives the authors confidence in their computational tools which subsequently can be employed to obtain data of interest for transients in cascaded cavities of desired dimensions. The experimental models and the measurement techniques are described below.
In Figure 2 , one sees a section view of the multi-partitioned cavity; the cut is planar and taken through the axis of rotation of the cavity. In all configurations for which measurements were performed, the radii of the first and last sections, designated regions a Ω and h Ω , are z z z ) are drilled and tapped so that they may be fastened to the smaller-radius cylinders.
Each of these pieces is attached to the center conductor rods running through the first and last sections by all-thread screws. The finite thickness of the hollow tube in the section located in
causes the inner radius ( 4 37.1mm ρ = ) to differ slightly from the outer radius
The cavity components ( Figure 3 ) were designed and constructed in such a way that they . The larger center conductor is a tube whose wall is slotted (1/16" wide) axially along the length of the tube to accommodate current and charge probes. The tube is capped on one end at = 2 z z and is attached to the smaller center conductor. It is soldered on the other end to the cavity end plate. Special probes are used for measuring signals proportional to the current and charge at various points along the surface of the center conductor tube. The charge probe consists of a short radial monopole, which couples to the ρ -directed electric field on the surface of the center conductor, and the current probe is a shielded loop, which senses the φ -directed magnetic field. The probe protrudes through the slot into the cavity volume and measurements are recorded as the probe is axially displaced. A photograph of the slotted center conductor is found in Figure 5 and a detailed description of the probes can be found in the work of Martin and Butler [1997] .
V. Experimental Validation
A set of cavity models of different dimensions and internal features were fabricated and laboratory measurements are performed in both the frequency and time domains. The dimensions and features of the cavities are selected on the basis that interesting electromagnetic properties of the fields manifested themselves within the frequency range in which measurement instrumentation is available to the authors and, in addition, so that mechanical fabrication was not excessively difficult. The measured data serve as a base against which to check the accuracy For time domain measurements, an input pulse of 0.415 V with a rise time of 100 ps and an on-time of 40 ns is applied by the generator (of 50 Ohm output impedance) to the input section of the cavity. The input waveform is that available in a commercial TDR and is not necessarily the waveform of interest, since measurements serve only to verify that calculations are accurate and reliable. The input pulse is shown in Figure 12 in which, for comparison, the input waveform used in calculations is also shown. The TDR input pulse is measured with the 50-ohm cable that is used to connect the TDR to the cavity left unconnected. The chosen 40 ns on-time is sufficiently long that the transients decay to zero before the pulse turns off, allowing one to interpret the data as that resulting from a step function stimulus as is typical for TDR data.
A sampling rate of 31.25 ps is used in accordance with the Nyquist rate for the 8192 samples.
The TDR pulse shown in Figure 12 and the measured data in Figs 
VI. Transient Signals through a Complex Cavity
In the previous section, data obtained from the computational tools developed in this investigation are found to be accurate. Assured that the tools yield reliable results, we compute the transient response of the cavity to input waveforms of practical interest. In Figures 17-26 and in Figure 28 , one finds calculated cavity responses due to a sine burst input of the forms shown in Figures 16 and 27 respectively. The leading and trailing edges of the 4 GHz sine burst (figure 16) with a 3.75 ns on-time and subsequent sine burst inputs of different frequencies are multiplied by a Gaussian pulse to limit the frequency content thereby resulting in a more realistic and practical signal for study. The sine burst is described by an equation of the form 
, where t is time, α is an arbitrary constant, ω is the radian frequency of the sine burst, Figure 2 , the voltage at the input of the cavity ( Fig. 2 ) is never completely dissipated. In all other cases, the voltage at the input quickly settles to zero. At the load end of the cavity ( Fig. 2 ), only a vary small voltage is observed both when the cavity is excited at a resonant frequency and when the input signal has its frequency content in a range for which the input conductance for the cavity is zero. The only instances that a significant voltage is observed at the load are those for which the conductance of the cavity is small but non-zero.
VII. Conclusion
The field in a complex cylindrical/coaxial cavity with perfectly conducting walls and multiple coupled apertures is investigated. A coupled integral equation method is presented for calculating the field in a complex cavity. The cavity may consist of multiple cascaded and overlapping circular-cylindrical or coaxial sections with particular attention given to sections contiguous with more than two adjacent sections. Each section may have different axial and radial dimensions and may be filled with material having different electrical and magnetic properties. The input and terminating sections of the guide are below cutoff and only allow a TEM mode to propagate. Different loads may be connected at the termination.
Measurements performed on a laboratory model in the frequency and time domains were taken to verify the accuracy of the method. Several configurations were assembled with different loads attached, and, in all cases, the calculated data is in very good agreement with the measured data. For one configuration with fixed dimensions and frequency of operation, the data of this paper have been corroborated by data from an analysis [J. Young, Clemson University, personal communication, 2002] that is more general than that of this paper but, because it is based on numerical solutions of coupled integral equations over all walls and apertures, the method is far more numerically intensive and far less computationally efficient than is the present analysis for the purposes of the investigation undertaken here. In addition to the measurements taken on the complex cavity, the charge and current on the center conductor of a simplified cavity were measured and are compared with calculations. Special probes that could be moved along the center conductor were used to measure the charge and current at different displacements. The charge and current calculations are also in very good agreement with measurements. Some calculated data displaying the transient response due to different sine burst excitations are presented.
VIII. Appendix
Young, Butler, and Harrison [Harrison and Butler, 1981; Young et al., 2002; J. Young, Clemson University, personal communication, 2002] demonstrate that the electric and magnetic field components derived from the wave equation
for the vector potential, whose solution is 
The definitions for k ν , ν η , and 
for ν circular cylindrical. l ν is the length of region ν and is defined by 
If the last section ( I ν = ) is terminated in a short, then the coefficients are
For a lumped-load termination, the coefficients are 
Coupled integral equations for the unknown aperture electric fields are obtained by enforcing continuity of the φ -directed magnetic field in each aperture. A system of integral equations is developed that, when solved, yields the electric field in each aperture. The integral equations consist of elements of three basic forms given by
When more than two cavities are present in the guide of cascaded cavities, the system of integral equations is ( ) ( ) ( ) 
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